Key words: cryoprotectant, DMSO, fish embryo, toxicity, rainbow trout, medaka, pejerrey, carp Some researches1-6) on the cryopreservation of fish em bryos and eggs have been attempted, but a successful long time cryopreservation method has not yet been estab lished. It is known that the cryopreservation of small cells such as mammalian embryos7) and sperms8) and fish sperm9,10) is possible and is actually used for preservation for long periods. Usually, for the cryopreservation of small cells, cryoprotectants such as dimethyl sulfoxide (DMSO), glycerol and saccharides are used to immerse the cells in the cryoprotectant solution. The cryoprotectants are thought to penetrate into the cells and help to vitrify substances in the cell11) without fatal intracellular freezing. In general, the higher the intracellular concentration of cryoprotectants, the easier the vitrification becomes. There fore, it is desirable that the intracellular concentration of cryoprotectant is high. On the other hand, most cryoprotectants have a toxic effect on cells to a certain ex tent. DMSO, which is one of the most effective cryoprotectants, is also known to be harmful for some cells.12) As a first step to successful cryopreservation, it is important to determine the optimum intracellular concen tration of cryoprotectant. Carp embryos were at the morula stage. We started our experiments without stor ing them after transfer to our laboratory. The medaka em bryos of the eyed stage were taken from stocks at our laboratory just before use. The cryoprotectant, DMSO (>98.5%) and the chemi cals for HPLC use, HClO4 (60%) and H2SO4 (95%) were purchased from Wako Pure Chemical Industries, Ltd. Dis tilled water was used without further purification. DMSO solutions of various concentrations ranging from 2 to 5 M were prepared just before the immersion procedure, and were dispensed in 75 ml aliquots into dishes. All sample were run in duplicate. Figure 1 shows the changes of DMSO concentrations in embryos by the immersion procedure. The DMSO concen trations in the embryos of every species significantly in creased for 10 min after they were immersed in the DMSO solution. The concentration then decreased slightly from 10 to 20 min, and gradually increased again to each equilibrium concentration.
The reasons for this transient decrease of DMSO concentration in the embryos which was significant with higher DMSO concentration in the im mersion solution are not clear at this stage. As a possible explanation, the outflow effect of water through the egg membrane by osmotic pressure during the initial period of immersion, i.e., shrinking of the embryo volume, may be considered. Arii et al. 17) reported the shrinking of medaka embryo during immersion in DMSO solution, however, they did not determine the DMSO concentration in the em bryo. In this present report, we calculated the concentra tion assuming that the volume of the embryo does not change during the experiment.
Namely, the DMSO concen trations in Fig. I correspond to the absolute DMSO con tents in each embryo irrespective of volume change of em bryo. Therefore, this kind of response on DMSO concen tration is thought to be independent of osmotic effects. Even Harvey,14) who measured the penetration of DMSO into fish embryos, did not describe this effect. Since DMSO concentrations used for usual immersion tests are within 2 M, the response may be overlooked.
More de tailed investigation is necessary to clarify cause.
Egg Membrane Permeability Coefficient of DMSO We also determined the permeability coefficient k of DMSO to the egg membrane from the initial gradients of each DMSO uptake curve in Fig. 1 . We assumed that the penetrating velocity depended on the difference of cryoprotectant concentration between the inside of the egg and outside of it, the surface area of the egg and permeabli ty coefficient. This is given by the following equation:
(dCin/dt)=k(A/V)(Cout-Cin).
Eq.1
This equation expresses the transport rate of DMSO through the egg membrane into the embryo. Cin and Cout, are the DMSO concentrations in the embryo and in the im mersion solution, respectively. A and V are the surface area and volume of the embryo, respectively. At the initial In the mortality test of the eyed stage embryos, as the im mersion time proceeded the pectoral fin showed convulsive movement, the blood stream stopped, and at last cardiac movement stopped. Fatal carp embryo of the morula stage became cloudy as the immersion time increased and de velopment to the eyed stage was not recognized during in cubation in water after immersion. Figure 2 shows the relations between the cumulative mortality of embryos and the immersion time. The results clearly indicate that DMSO is harmful to every fish em bryo although there are apparently considerable differ ences in tolerance among the different kinds of embryo. The mortality-time relationship for rainbow trout and pejerrey was tested using a solution of various DMSO con centrations as shown in Fig. 2 . It is of interest to note that immersion in the 2 M DMSO solution had no influence on the mortality of the rainbow trout and pejerrey embryos. However, when the DMSO concentration was more than 2 M, the mortality of most embryos quickly increased after the induction period in which the mortalities ranged from of 0 to 10%. From the results for rainbow trout and pejer rey, it was found that the induction period reduced as the DMSO concentration of the immersion solution increased. This phenomenon is thought to be related to the inner em bryo concentration of DMSO, as is described later.
Average Lethal DMSO Concentration
The DMSO concentration in embryos and cumulative mortality at identical immersion times were read from the uptake curves of DMSO into the embryos (Fig. 1 ) and the cumulative mortality-time curves (Fig. 2) . The relationship between them is shown in Fig. 3 . This figure indicates the direct toxicity of DMSO concentration on the fish embryos since the effect of the egg membrane resistance is eliminat ed. As shown in Fig. 3 , the cumulative mortality of every fish embryo except for carp was 0% as long as the DMSO concentration in the embryo was less than about 0.7 M. This result indicates an upper limit of cryoprotectant. Data obtained by using the immersion solution of different DMSO concentrations are shown in each plot for rainbow trout and pejerrey, and are denoted by different symbols in Fig. 3 . However, all plots tended to gather on an identical curve. This suggests that DMSO penetration into the em bryo is restricted by the permeation rate of DMSO across Fig. 3 In summary, for several fish embryos, the tolerable in ner embryo concentration of DMSO , i.e., the average l ethal DMSO concentration, can be determined quantita tively, and depends on the fish species and the develop ment stage. The tolerance to DMSO was higher in the order of carp, rainbow trout, pejerrey, and medaka . The obtained permeability coefficients of DMSO to the egg membranes were small because fish egg membranes are hard and thick. The relationship of cumulative mortality to DMSO concentration in embryos were well expressed by a cumulative normal distribution function . These results may be used to predict the cumulative mortality of each fish embryo at an arbitrary immersion time in a DMSO solution of any concentration. However, it should be noted that all results in this paper were obtained at a temperature which was close to room temperature . During cooling, freezing or immersion at different temperatures , our results may not be valid, i.e., the DMSO permeability to egg membrane and the lethal DMSO concentration might depend on temperature. The effect of temperature on permeability and lethal cryoprotectant needs to be in vestigated systematically.
